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Myxosporean parasites have been identiﬁed in amphibians around the world yet very little is known
about their diversity, biology and host impact. Several species of Australian frogs have recently been
shown to be affected by myxosporidiosis caused by two new Cystodiscus species. In this manuscript,
we review what is known about the myxosporean parasites Cystodiscus australis and Cystodiscus axonis
that produce myxospores in gallbladders of Australian frogs and Myxobolus fallax and Myxobolus hylae
that produce spores in gonads and the potential impact of these parasites on the conservation of Austra-
lian frogs. By doing so, we aim to highlight the importance of amphibian myxosporean parasites, suggest
directions for future research and argue that the lessons learned about these parasites in Australia are
directly transferable to amphibians around the world.
 2013 Australian Society for Parasitology Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Background
Parasites infect virtually every species, yet most are poorly
studied unless they have been shown to have a medical, economic
or conservation importance (Nichols and Gómez, 2011). This is par-
ticularly true for parasites of wildlife where baseline data on para-
site diversity and ecology is minimal or absent for many species
(Marcogliese, 2004; Thompson et al., 2010). This can mean that
parasites with signiﬁcant host health impacts are only recognized
once the population of the host species has declined precipitously
or when disease screening is undertaken in association with the
establishment of a captive breeding program.
One of the most threatened taxa is the amphibians with over
40% of the approximately 5743 amphibian species worldwide
in decline (Stuart et al., 2004; Vié et al., 2009). Infectious diseases
including those caused by fungi, viruses and parasites are major
contributors to the decline of many of these species (Murray and
Skerratt, 2012). As a result, captive breeding and disease control
have been highlighted as important conservation tools that will
be needed to protect global amphibian populations in the future
(Murray and Skerratt, 2012). Captive breeding and disease controlare closely interlinked. Without full understanding of pathogens
causing diseases in amphibians, steps to avoid pathogens in cap-
tive breeding programs cannot be successful.
One group of pathogens that are known but poorly studied are
the myxosporean parasites of amphibians. Myxosporean parasites
are mostly known for causing diseases in ﬁsh and the signiﬁcant
losses that they cause to commercial aquaculture (Feist and Long-
shaw, 2006; Lom and Dyková, 2006). These parasites are metazo-
ans that infect predominantly freshwater and marine ﬁsh as well
as reptiles, small mammals, waterfowl and amphibians but infor-
mation about the disease they cause in these other groups is lim-
ited (Feist and Longshaw, 2006; Lom and Dyková, 2006).
Recently myxosporean infections have been suggested to represent
a key threatening process that may be contributing to amphibian
decline (Sitjà-Bobadilla, 2009; Hartigan et al., 2012a).
Myxosporean parasites have been observed in Australian frogs
for over 100 years yet surprisingly there is very little knowledge
about their ecology or impact on frog populations (Johnston and
Bancroft, 1918; Delvinquier, 1986). This paper reviews what we
know about myxosporean parasites in Australian frogs. We use
the information acquired about Australian myxosporean species
affecting the liver, brain and urogenital systems of native frogs to
provide insights into the potential impact that amphibian myxosp-
orean parasites may have in other ecosystems around the world.
Lastly, we identify the gaps in the knowledge about these parasites
that are necessary to be ﬁlled if their global impact on amphibian
populations is to be understood.
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Australian frogs?
2.1. Parasites of the urogenital system: Myxobolus hylae and
Myxobolus fallax
Two Myxobolus species have been described in the urogenital
system of Australian frogs. M. hylae Johnston and Bancroft, 1918
was described from cysts on the testes and oviducts of the Green
and Golden Bell Frog (Litoria aurea) which were collected near Syd-
ney, New SouthWales in 1918 (Johnston and Bancroft, 1918). Frogs
infected with M. hylae were reported to be lethargic, thin and, in
cases of high parasite burden, the testeswere distended. The second
species was recognized during an investigation to preserve frog
sperm of Litoria fallax that contained myxospores of M. fallax
(Browne et al., 2002). The two species were distinguished from each
other based on myxospore morphology of museum material of M.
hylae and specimens of M. fallax (Browne et al., 2002). As yet, no
otherMyxobolus species has been identiﬁed in Australian frogs.
Myxobolus spp. have been reported in common (Litoria caerulea,
L. fallax, Litoria lesueuri, Litoria peronii) and endangered (L. aurea
and Litoria raniformis) species though only as incidental ﬁndings
(Berger, 2001; Mann et al., 2010). Given the distribution of these
frog species it is likely that Myxobolus spp. can be found across
all of the east coast of Australia (Fig. 1A).
Myxobolus species infections in the gonads of frogs could have
important impacts on the reproductive success of amphibians
and thus could create problems for conservation programs (Sitjà-
Bobadilla, 2009). M. fallax was found to be released with spermia-
tion, possibly to maximize its transmission into the environment at
a time of new host availability during spawning (Browne et al.,
2006). Impacts on fecundity are unknown, however, myxosporean
parasites in gonadal tissue of ﬁsh hosts have been associated with
castration (Baudoin, 1975) e.g. Myxobolus testicularis (Sitjà-Boba-
dilla and Alvarez-Pellitero, 1993; Sitjà-Bobadilla, 2009). While cas-
tration of the frog by M. fallax has not been reported, even a
decreased sperm count could have serious consequences for
amphibian conservation and health of an already declining frog
population. Decreased sperm numbers were reported for Myxobo-
lus chimbuensis Ewers 1973 infections in Litoria darlingtoni of Papua
New Guinea (Ewers, 1973). Determining the impact of myxospo-
ridiosis caused by Myxobolus species of frogs will beneﬁt the con-
servation outcomes of captive breeding projects by improving
our understanding of infectious disease in amphibians.
In addition to the impact that AustralianMyxobolus species may
have on fertility in frogs, there is other important information
about these parasites that is yet to be discovered. Given that in
the original description of M. hylae spores considerable variation
in spore morphology was observed (Browne et al., 2002), genetic
studies need to be undertaken to prove that this variation can oc-
cur in one species and to rule out the possibility that the variation
may actually be due to the presence of two or more species. Lastly,
more ﬁeld work needs to be done to determine the actual host
ranges and distributions of these.2.2. Parasites of the liver and brain: Cystodiscus australis and
Cystodiscus axonis
C. australis Hartigan et al., 2012b and C. axonis Hartigan et al.,
2012b are two species originally thought to be a single species
Cystodiscus immersus Lutz, 1889 that was introduced to Australia
courtesy of the exotic Cane Toad (Rhinella marina) in 1935 (Harti-
gan et al., 2010, 2011, 2012a, 2012b). This hypothesis of exotic
introduction from South America was put forward after a survey
of Australian frog gallbladders in 1986 demonstrated similar look-ing myxospores to C. immersus in native Australian frogs and R.
marina (Delvinquier, 1986). Species identiﬁcation was based on
comparing the morphology of spores to line drawings for C. immer-
sus from Brazilian specimens made in 1889 (Lutz, 1889) and 1940
(Kudo and Sprague, 1940), and scanning electron micrographs of
Australian material (Delvinquier, 1986).
This hypothesis was not considered again until 2011 when
genotyping of gallbladder myxospores and infected brain and liver
tissue from several Australian frog species showed that the para-
site thought to be C. immersus was in fact two novel parasites with
similar spore morphology to each other and C. immersus (Hartigan
et al., 2011, 2012c). Conﬁrming the cryptic diversity of two Austra-
lian endemic species (C. australis and C. axonis) required several
descriptive tools including comparison of multiple ribosomal
DNA regions, transmission and scanning electron microscopy as
well as histopathology. Included in these ﬁndings was the observa-
tion that not only could C. australis and C. axonis be distinguished
genetically, but that C. axonis had not only liver developmental
stages but also brain intra-axonal developmental stages (Hartigan
et al., 2011, 2012b).
Both Cystodiscus species have been shown to infect and cause
disease in tadpoles although not all host species are affected in
the same way (Hartigan et al., 2012a). The lesions caused by either
Cystodiscus species included inﬂammation and hyperplasia of the
frog livers. The brain lesions attributed to C. axonis were more se-
vere in some species (Litoria booroolongensis, Litoria castanea and L.
raniformis) and included haemorrhage, gliosis and necrosis (Harti-
gan et al., 2012a). Frogs with severe disease exhibited neurological
dysfunction, affected frogs lost the ability to right themselves and
in some cases lost hindlimb movement. Moreover, it is speculated
that the infection with Cystodiscus species may cause delayed
metamorphosis leading to tadpole overwintering (Hartigan et al.,
2012a). Prolonging the aquatic stages i.e. tadpole of frog develop-
ment is at odds with the ﬁtness of the species due to risk of preda-
tion and pond desiccation (Newman, 1992).
Both Australian Cystodiscus species appear to be emerging par-
asites. The similarity of the presporogonic stages on histological
sections in the liver and myxospore morphology of C. axonis and
C. australis species prevents species retrospective identiﬁcation.
However, we used existing historical data to plot the distribution
of the genus Cystodiscus in Australia over time (Fig. 2; Supplemen-
tary Table 1; Berger, 2001. Diseases in Australian frogs. PhD thesis,
James Cook University, Townsville; authors unpublished data).
Examination of archived frogs in the Australian Museum revealed
the absence of Cystodiscus spp. myxospores in specimens of the
19th and early 20th century with the ﬁrst Cystodiscus positive frog
detected in 1966 (Hartigan et al., 2010). Additionally, the examina-
tion of archival tissue combined with other reports describing
Cystodiscus species parasite infections in native and exotic frogs
from 1960 to 2011 suggests a southerly spread with invasion into
South Australia being documented for the ﬁrst time in 1998
(Fig. 2). No Cystodiscus positive records have been detected in the
Northern Territory or Western Australia in the last 30 years (Delv-
inquier, 1986) and the ﬁrst positive recorded for South Australia
does not occur until 1998 (Fig. 2). Based on case reports and wild-
life disease screening Cystodiscus species has not been identiﬁed in
Western Australia or the Northern Territory (authors unpublished
observation). The absence of Cystodiscus parasites in the Northern
Territory, but the presence of known susceptible hosts in this area
(R. marina and L. caerulea) may indicate the absence of an inverte-
brate host in this environment.
All the factors that have facilitated the emergence of these par-
asites are not known, however, movement of Cystodiscus species
into new areas has been linked to frogs accidentally translocated
with fresh produce (Hartigan et al., 2012c). The southward spread
and increased prevalence in southern distributed frog populations
Fig. 1. Summary of myxosporean parasites recorded in Australian frogs. The frog species are sorted according to IUCN Red List conservation status [http://
www.iucnredlist.org/], note, the Cane toad (Rhinella marina) is listed as exotic pest species introduced to Australia in 1935. Myxosporean frog host species belong to
three out of ﬁve frog families present in Australia; genus Litoria (family Hylidae), Limnodynastes (family Myobatrachidae) and Rhinella (family Bufonidae). Distribution for
each species in Australia (black) is shown according to Frogs Australia [www.frogs.org.au]. Myxosporean development and myxospores are shown as column under each frog
species. For Cystodiscus species either brain (CNS) or liver development is shown in form of a histological section and line drawing of myxospore. Spore measurements
according to Hartigan et al. 2012b for C. australis 150–180  80–100 lm, for C. axonis 130–150  80–100 lm. ForMyxobolus species gonad development is shown in form
of a histological section and line drawing of myxospore. Absence of a record of development or myxospores is shown as – not known. Presence of myxospores, but absence of
a record of development is shown as – likely (not seen). Development of M. hylae has been published by (Johnston and Bancroft (1918) and (Berger, 2001. Diseases in
Australian frogs. PhD thesis, James Cook University, Townsville), but not recorded by authors during 2007–2011. M. fallax spore measurements according to Browne et al.
2002 12.6–14.6  8.3–10.6 lm (no noticeable variation between fresh and formalin ﬁxed material).M. hylaemyxospores according to Johnston and Bancroft (1918) measured
8–10  7–8 lm. L. lesueuri, L. raniformis and L. castanea photos courtesy of David Hunter.
Fig. 2. Emergence of Cystodiscus parasites across eastern Australia from 1960–2011. All locations (red square) represent records for Cystodiscus spp. from one or more frogs.
Both published and unpublished data were used to compile the distribution map (Delvinquier, 1986; Hartigan et al., 2010; , 2012a, 2012b, 2012c, 2012d; Supplementary
Table 1). The data are split into 1960–1990 (A) and 1991–2011 (B) to show recent records in western New South Wales and South Australia.
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are in southern states and species with no previous exposure to
these parasites may be more susceptible to Cystodiscus infection
and disease. Moreover Litoria species in particular L. caerulea are
popular species within the international pet trade which can
potentially spread Cystodiscus spp. around the world.
3. Are myxosporean parasites threats to amphibian health and
conservation?
Emerging infectious diseases can have serious implications for
the conservation of endangered species (Daszak et al., 2003).
Pathogens have a greater impact when they are able to, (i) infect
a large host range, (ii) can infect directly or through a single vector,
and (iii) persist in the environment for long periods of time (Dob-
son and Foufopoulos, 2001). These characteristics are seen in the
best studied and most devastating pathogens to frogs and sala-
manders around the world – the Chytrid fungus (Batrochochytrium
dendrobatidis), ranaviruses (Ranavirus: Iridoviridae) and a trema-
tode (Ribeiroia ondatrae) (Blaustein et al., 2012). These disease
agents infect multiple amphibian species, remain in the environ-
ment for long periods of time either in the physical environment
as seen in ranaviruses and Chytrid fungus (Mitchell et al., 2008;
Nazir et al., 2012) or in reservoir hosts for the trematode (Collins
et al., 2004; Briggs et al., 2010).
Australian myxosporean parasites in amphibians fulﬁll all of the
above characteristics. Firstly (i), M. hylae, C. axonis and C. australis
have been described from multiple hosts. In fact, Cystodiscus spe-
cies have been found in three out of the ﬁve frog families present
in Australia (Fig. 1). Secondly (ii), although no myxosporean-
amphibian life cycle has been determined, it is very likely that an
invertebrate host is involved using the analogy from known lifecy-
cles of myxosporea affecting ﬁsh (Eiras, 2005). Having multiple
host species (vertebrate and invertebrate) in the environment in-
creases the range and ease of spreading the infection. Thirdly
(iii), myxosporeans are able to persist in the environment outside
of their vertebrate host. They do this by surviving in their inverte-
brate host and through the ability of their myxospores to remain
viable for months in sediment. In the case of Myxobolus cerebralis,
development in the invertebrate host (oligochaetes) takes approx-
imately 3 months before they start to release actinospores for the
following 7 months (El-Matbouli et al., 1999; Stevens et al.,
2001). In addition Cystodiscus spp. can persist as non-pathogenic
infections in suitable hosts, some hosts do not present lesions
and some can shed myxospores over time with no host health im-
pacts observed (Hartigan et al., 2012a). This beneﬁts transmission
of the parasites into new populations and environments compared
to other pathogens which kill or debilitate their hosts.
4. What can Australian frog myxosporean parasites teach us
about other amphibian myxosporean parasites around the
world?
There are a number of identiﬁed myxosporean parasite species
in frogs around the world with more species to be described prob-
ably in Africa, Asia and Europe (Fig. 3). Several important aspects of
myxosporean development in amphibians can be learned from the
information known about Cystodiscus and Myxobolus species in
Australian frogs.
Studies that resulted in the identiﬁcation of the two Australian
Cystodiscus species show that careful study of the developmental
stages of myxosporean species are a necessary adjunct to charac-
terization by spore morphology if cryptic species are to be identi-
ﬁed. The key to the discovery that C. axonis from C. australis were
separate species was demonstrating the intra-axonal plasmodial
stages found in C. axonis infections but not in C. australis as wellas using traditional scanning electron microscopy techniques to
identify ﬁliform polar appendages of C. axonis that were unique
to this species (Hartigan et al., 2012b).
In addition to looking for developing stages in different organs,
research into Cystodiscus species in Australia demonstrated the
importance of looking for parasites in different host life cycle
stages (Hartigan et al., 2012a, 2012b). Based on the ﬁndings in
Cystodiscus spp., studying tadpoles can provide new insight into
host-parasite development, transmission dynamics and host im-
pact of myxosporean parasites. Despite this revelation, there is
very limited information about what myxosporean species can in-
fect tadpoles. There is a report of a myxosporean species in tadpole
gallbladders of seven species in southwest US, unfortunately the
identiﬁcation of this parasite was not possible (Green and Dodd,
2007). Sphaerospora ohlmacheri is known to produce myxospores
in the kidneys of tadpoles in North America and Canada whilst
Cystodiscus spp. in Australia developed only presporogonic stages
in tadpoles (Desser et al., 1986; Hartigan et al., 2012a). A European
myxosporean Sphaerospora ranae infects about 75% of endemic frog
species however no tadpoles from the same locality were infected,
which could indicate that tadpoles are resistant to infection (Jirku˚
et al., 2007). No Myxobolus species have been identiﬁed in tadpole
surveys; this could indicate that tadpoles are not susceptible to
infection due to undifferentiated gonadal tissue (McDiarmid and
Altig, 1999). The effect of metamorphosis and tadpole biology on
infection dynamics of myxosporean parasites is yet to be deter-
mined but may provide important insights into host parasite
relationships.
Discoveries about M. fallax and its development in Australian
frogs point to important relationships between myxosporean para-
site development and host reproduction. This is the only species of
myxosporean parasite that has been shown to have synchronization
of spore shedding with spermiation, although it has been suggested
that this occurs in some ﬁsh myxosporeans (Sitjà-Bobadilla and
Alvarez-Pellitero, 1993). The regulatory factor and host interaction
of this species is not well understood, M. fallax was not associated
with any pathology disease or impact on fertility. WhetherM. fallax
or other amphibianMyxobolus species would cause disease in naïve
hosts is not known (Eiras, 2005; Sitjà-Bobadilla, 2009).
The parasites identiﬁed in Australian frogs have provided
important insights on the host-parasite relationship between
myxosporean parasites and amphibians. Prior to the information
about C. australis and C. axonis, liver and gallbladder infections with
myxosporean parasites were not considered to have any host
health outcome, we now know this is not true (Hartigan et al.,
2012a). It has been shown that disease caused by Cystodiscus spe-
cies is variable between host species, can extend to tadpoles, and
potentially can cause tadpoles to overwinter which has serious
ecological outcomes (Hartigan et al., 2012a).
Finally, Cystodiscus species have been shown to spread across
large distances in live frogs hitch hiking in fresh produce (Hartigan
et al., 2012c). It is worth noting that frogs are transported interna-
tionally for food and the pet trade (Schlaepfer et al., 2005; Warken-
tin et al., 2009). While it is increasingly common to test these frogs
for chytridiomycosis, our ﬁndings suggest that testing for myxosp-
orean parasites is of similar importance if additional spread is to be
prevented.
In summary, there are a number of myxosporean parasites de-
scribed from frog hosts around the world (Fig. 3), the majority of
these have little information known other than host records and
myxospore morphology. Increased efforts to understand the biol-
ogy and host interaction of amphibian myxosporean parasites in
frogs will assist conservation of frogs and salamanders around
the world. Australian myxosporean species in amphibians exem-
plify what can be discovered about these parasites when scrutin-
ised, to beneﬁt frog conservation.
Fig. 3. Cystodiscus species andMyxobolus species of frogs. Worldwide records of described Cystodiscus species (blue) based on gallbladder myxospores andMyxobolus species
(orange) based on myxospores in gonad of amphibians. Note: Only descriptions down to species level are included, i.e., Myxobolus sp. are not included.
Fig. 4. Hypothetical life cycle and transmission routes of Cystodiscus species. Understanding of the life cycle and timing of infection will provide invaluable information to
wildlife disease managers to mitigate the impact of myxosporean parasite. The majority of myxosporean parasite life cycles alternate between a vertebrate host and an
invertebrate host, in the case of Cystodiscus it is frogs and an unknown invertebrate (green box) (1). The vertebrate host sheds myxospores (grey square, right) that infect an
invertebrate host that produces actinospores (grey square, left) (2). Actinospores are the infective stages for vertebrate hosts (frogs). It is unknown at what stage of
development amphibians are susceptible to infection (3), Cystodiscus spp. have been found in both tadpoles and adults. It is possible that spawn, tadpole, metamorph or an
adult frog can be infected by actinospores (red arrows, green outlined square). It is unknown if infection can be shed during development or if it is passed on during
metamorphosis or spawning (blue arrows, green outlined square).
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Often parasites are neglected until they cause large scale de-
cline, however, effective monitoring can reduce the blind spots in
our understanding of parasites (Nichols and Gómez, 2011). Making
sure that amphibians are routinely screened for myxosporean par-
asites by pathologists and disease investigators could avoid over-
looking a serious threat for amphibian conservation. This may be
particularly important for areas of high amphibian diversity, such
as Central America and Asia, where there is a paucity of data about
the prevalence and diversity of myxosporean parasites in these
populations. Surveys of these areas and thorough description of
their myxosporean parasites should be prioritized.In addition to understanding the diversity of pathogens in
amphibians, future research should prioritise improving the qual-
ity of species descriptions and detection methods. The majority
of new species descriptions recognize the need for molecular iden-
tiﬁcation together with spore morphology. There are likely to be
cryptic species complexes masked by shared myxospore morphol-
ogy in the currently described species for both Myxobolus and
Cystodiscus species. Genetic studies using multiple markers dem-
onstrated that the internal transcribed spacers (ITS) of the rDNA,
in addition to the commonly used small subunit rDNA (18S) can
be powerful tools for identifying new species within myxosporean
cryptic species complexes (Henderson and Okamura, 2004; Whip-
ps et al., 2004; Whipps and Kent, 2006; Hartigan et al., 2012b). To
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gered species where examining tissues of collected specimens is
not an option, non-invasive methods of detecting myxosporeans
should be further developed such as screening faecal smears of
captive frogs for Cystodiscus myxospores (Hartigan et al., 2012c).
Furthermore, the authors advocate the evaluation of tissue distri-
bution, development stages and associated disease within the host
tissue in new species descriptions.
The work with C. australis and C. axonis highlights the impor-
tance of considering the impact of season on prevalence of infec-
tion and disease (Hartigan et al., 2012a). There is also a need to
identify the timing and earliest stage of frog development suscep-
tible to myxosporean infection (Fig. 4). An example of the impor-
tance of timing to infection can be seen in tadpoles infected with
the trematode parasite, R. ondatrae (Johnson et al., 2011). Tadpoles
can be infected with R. ondatrae at different times however, if in-
fected at a prelimb stage of development the host has a higher
mortality risk than a tadpole infected at a later development stage
(Schotthoefer et al., 2003). Moreover, it is unknown whether
spawn or newly hatched tadpoles can be infected with myxospore-
an parasites, if metamorphs can be infected and what impact
myxosporean parasites have on metamorphosis (Fig. 4). Finally,
the impact myxosporean parasites have on host reproduction re-
quires investigation to elucidate what level of threat is posed to
captive breeding programs. Answers to these questions cannot be
addressed without controlled experimental infections requiring
the yet unknown mode of transmission.
New research needs to develop and evaluate practical methods
for mitigating the impact of myxosporean parasites in captive and
wild populations. Practical steps toward eliminating myxosporean
parasites will only be achievable once the life cycle is understood
(Fig. 4). Identiﬁcation of the invertebrate host is an essential aspect
of understanding the development of the parasite (Fig. 4). Given that
Cystodiscus species infect tadpoles their invertebrate host would ap-
pear to be a freshwater aquatic invertebrate. Given that Myxobolus
spp. of amphibians have only been reported in adult frogs, their
intermediate host might either be an aquatic or terrestrial species.
In conclusions, baseline data are needed to make useful deci-
sions about the translocation, captive breeding and conservation
of wildlife populations of amphibians (Thompson et al., 2010). If
the data gained from the Australian myxosporean parasites are
any kind of example, it is likely that many of the other known
amphibian myxosporean parasites in other areas around the world
are more diverse than currently known. It is possible that other
myxosporean parasites can infect tadpoles and frogs with un-
known ecological consequences. Understanding myxosporean par-
asites infecting amphibians and their importance to wild and
captive populations is essential for beneﬁt disease surveillance
and conservation programs such as captive breeding in the future.
Acknowledgements
The authors thank Professor David Emery, Dr. Lee Berger, Dr.
Matthew Greenlees and Dr. Crystal Kelehear for their donation of
samples and the use of their data for this publication. We are grate-
ful to Dr. Karrie Rose and Jane Hall at the Australian Registry of
Wildlife Health who have supported this investigation. We thank
the Amphibian Research Centre, Lee Peacock and Michael McFad-
den for the use of their images for this manuscript.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ijppaw.2012.
12.002.References
Baudoin, M., 1975. Host castration as a parasitic strategy. Evolution 29, 335–352.
Berger, L., 2001, Diseases of Australian Frogs. Ph.D thesis. James Cook University,
Townsville.
Blaustein, A.R., Gervasi, S.S., Johnson, P.T.J., Hoverman, J.T., Belden, L.K., Bradley,
P.W., Xie, G.Y., 2012. Ecophysiology meets conservation: understanding the role
of disease in amphibian population declines. Philos. Trans. R. Soc. B Biol. Sci.
367, 1688–1707.
Briggs, C.J., Knapp, R.A., Vredenburg, V.T., 2010. Enzootic and epizootic dynamics of
the chytrid fungal pathogen of amphibians. Proc. Natl. Acad. Sci. USA 107,
9695–9700.
Browne, R.K., Scheltinga, D.M., Pomering, M., Mahony, M., 2002. Testicular
myxosporidiasis in anurans, with a description of Myxobolus fallax n. sp. Syst.
Parasitol. 52, 97–110.
Browne, R.K., Li, H., Vaughan, M., 2006. Sexually mediated shedding of Myxobolus
fallax spores during spermiation of Litoria fallax (Anura). Dis. Aquat. Organ 72,
71–75.
Collins, J.P., Brunner, J.L., Jancovich, J., Schock, D.M., 2004. A model host-pathogen
system for studying infectious disease dynamics in amphibians: tiger
salamanders (Ambystoma tigrinum) and Ambystoma tigrinum virus. Herpetol. J.
14, 195–200.
Daszak, P., Cunningham, A.A., Hyatt, A.D., 2003. Infectious disease and amphibian
population declines. Divers. Distrib. 9, 141–150.
Delvinquier, B.L.J., 1986. Myxidium immersum (Protozoa: Myxosporea) of the Cane
toad Bufo marinus in Australian anura with a synopsis of the genus in
amphibians. Aust. J. Zool. 34, 843–854.
Desser, S.S., Lom, J., Dyková, I., 1986. Developmental stages of Sphaerospora
ohlmacheri (Whinery, 1893) n. comb. (Myxozoa: Myxosporea) in the renal
tubules of bullfrog tadpoles, Rana catesbeiana, from Lake of two rivers,
Algonquin Park, Ontario. Can. J. Zool. 64, 2213–2217.
Dobson, A., Foufopoulos, J., 2001. Emerging infectious pathogens of wildlife. Philos.
Trans. R. Soc. B Biol. Sci. 356, 1001–1012.
Eiras, J.C., 2005. An overview on the myxosporean parasites in amphibians and
reptiles. Acta Parasitol. 50, 267–275.
El-Matbouli, M., McDowell, T.S., Antonio, D.B., Andree, K.B., Hedrick, R.P., 1999.
Effect of water temperature on the development, release and survival of the
triactinomyxon stage of Myxobolus cerebralis in its oligochaete host. Int. J.
Parasitol. 29, 627–641.
Ewers, W.W., 1973. Myxobolus chimbuensis n. sp. (Family: Myxobolidae;
Cnidosporidia) from the testes of the hylid frog Litoria darlingtoni, from New
Guinea. Sci. New Guinea 1, 16–19.
Feist, S.W., Longshaw, M., 2006. Phylum: Myxozoa. In: Woo, P.T.K. (Ed.), Fish
Diseases and Disorders, Protozoan and Metazoan Infections, second ed., vol. 1.
CABI Publishing, Wallingford, pp. 230–296.
Green, D.E., Dodd, C.K., 2007. Presence of amphibian chytrid fungus
Batrochochytrium dendrobatidis and other amphibian pathogens at warm
water ﬁsh hatcheries in Southeastern North America. Herpetol. Conserv. Biol.
2, 43–47.
Hartigan, A., Phalen, D.N., Šlapeta, J., 2010. Museum material reveals a frog parasite
emergence after the invasion of the Cane toad in Australia. Parasit. Vectors 3,
50.
Hartigan, A., Fiala, I., Dyková, I., Jirku˚, M., Okimoto, B., Rose, K., Phalen, D.N., Šlapeta,
J., 2011. A suspected parasite spill-back of two novel Myxidium spp.
(Myxosporea) causing disease in Australian endemic frogs found in the
invasive Cane toad. PLoS One 6, e18871.
Hartigan, A., Dhand, N.K., Rose, K., Šlapeta, J., Phalen, D.N., 2012a. Comparative
pathology and ecological implications of two myxosporean parasites in native
Australian frogs and the invasive Cane toad. PLoS One 7, e43780.
Hartigan, A., Fiala, I., Dyková, I., Rose, K., Phalen, D.N., Šlapeta, J., 2012b. New species
of myxosporea from frogs and resurrection of the genus Cystodiscus Lutz, 1889
for species with myxospores in gallbladders of amphibians. Parasitology 139,
478–496.
Hartigan, A., Peacock, L., Rosenwax, A., Phalen, D.N., Šlapeta, J., 2012c. Emerging
myxosporean parasites of Australian frogs take a ride with fresh fruit transport.
Parasit. Vectors 5, 208.
Hartigan, A., Sangster, C., Rose, K., Phalen, D.N., Šlapeta, J., 2012d. Myxozoan parasite
in brain of critically endangered frog. Emerg. Infect. Dis. 18, 693–695.
Henderson, M., Okamura, B., 2004. The phylogeography of salmonid proliferative
kidney disease in Europe and North America. Proc. R. Soc. B Biol. Sci. 271, 1729–
1736.
Jirku˚, M., Fiala, I., Modry´, D., 2007. Tracing the genus Sphaerospora: rediscovery,
redescription and phylogeny of the Sphaerospora ranae (Morelle, 1929) n. comb.
(Myxosporea, Sphaerosporidae), with emendation of the genus Sphaerospora.
Parasitology 134, 1727–1739.
Johnson, P.T.J., Kellermanns, E., Bowerman, J., 2011. Critical windows of disease risk:
amphibian pathology driven by developmental changes in host resistance and
tolerance. Funct. Ecol. 25, 726–734.
Johnston, T.H., Bancroft, M.J., 1918. A parasite, Myxobolus hylae sp. nov. of the
reproductive organs of the golden swamp frog, Hyla aurea. Aust. Zool. 1, 171.
Kudo, R.R., Sprague, V., 1940. On Myxidium immersum Lutz and M. serotinum n. sp.
two myxosporidian parasites of Salientia of South and North America. Rev. Med.
Trop. Parasitol. Bacteriol. Clin. Lab. 6, 65–73.
Lom, J., Dyková, I., 2006. Myxozoan genera: deﬁnition and notes on taxonomy, life-
cycle terminology and pathogenic species. Folia Parasitol. 53, 1–36.
A. Hartigan et al. / International Journal for Parasitology: Parasites and Wildlife 2 (2013) 62–68 68Lutz, A., 1889. Über ein Myxosporidium aus der Gallenblase brasilianischer
Batrachier. Zbl. Bakt. Int. J. Med. Microbiol. 5, 84–88.
Mann, R.M., Hyne, R.V., Choung, C.B., 2010. Hormonal induction of spermiation,
courting behavior and spawning in the Southern bell frog Litoria raniformis. Zoo
Biol. 29, 774–782.
Marcogliese, D.J., 2004. Parasites: small players with crucial roles in the ecological
theater. EcoHealth 1, 151–164.
McDiarmid, R.W., Altig, R., 1999. Tadpoles: The Biology of Anuran Larvae. University
of Chicago Press, Chicago.
Mitchell, K.M., Churcher, T.S., Garner, T.W.J., Fisher, M.C., 2008. Persistence of the
emerging pathogen Batrachochytrium dendrobatidis outside the amphibian host
greatly increases the probability of host extinction. Proc. R. Soc. B Biol. Sci. 275,
329–334.
Murray, K.A., Skerratt, L.F., 2012. Predicting wild hosts for amphibian
chytridiomycosis: integrating host life-history traits with pathogen
environmental requirements. Hum. Ecol. Risk Assess. 18, 200–224.
Nazir, J., Spengler, M., Marschang, R.E., 2012. Environmental persistence of
amphibian and reptilian ranaviruses. Dis. Aquat. Organ 98, 177–184.
Newman, R.A., 1992. Adaptive plasticity in amphibian metamorphosis. Bioscience
42, 671–678.
Nichols, E., Gómez, A., 2011. Conservation education needs more parasites. Biol.
Conserv. 144, 937–941.
Schlaepfer, M.A., Hoover, C., Dodd, C.K., 2005. Challenges in evaluating the impact of
the trade in amphibians and reptiles on wild populations. Bioscience 55, 256–
264.
Schotthoefer, A.M., Koehler, A.V., Meteyer, C.U., Cole, R.A., 2003. Inﬂuence of
Ribeiroia ondatrae (Trematoda: Digenea) infection on limb development and
survival of northern leopard frogs (Rana pipiens): effects of host stage and
parasite-exposure level. Can. J. Zool. 81, 1144–1153.Sitjà-Bobadilla, A., Alvarez-Pellitero, P., 1993. Pathologic effects of Sphaerospora
dicentrarchi Sitjà-Bobadilla and Alvarez-Pellitero, 1992 and S. testicularis Sitjà-
Bobadilla and Alvarez-Pellitero, 1990 (Myxosporea: Bivalvulida) parasitic in the
Mediterranean sea bass; Dicentrarchus labrax L. (Teleostei: Serranidae) and the
cell-mediated immune reaction: a light and electron microscopy study.
Parasitol. Res. 79, 119–129.
Sitjà-Bobadilla, A., 2009. Can myxosporean parasites compromise ﬁsh and
amphibian reproduction? Proc. R. Soc. B Biol. Sci. 276, 2861–2870.
Stevens, R., Kerans, B.L., Lemmon, J.C., Rasmussen, C., 2001. The effects of Myxobolus
cerebralis myxospore dose on triactinomyxon production and biology of Tubifex
tubifex from two geographic regions. J. Parasitol. 87, 315–321.
Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Rodrigues, A.S., Fischman, D.L.,
Waller, R.W., 2004. Status and trends of amphibian declines and extinctions
worldwide. Science 306, 1783–1786.
Thompson, R.C.A., Lymbery, A.J., Smith, A., 2010. Parasites, emerging disease and
wildlife conservation. Int. J. Parasitol. 40, 1163–1170.
Vié, J.C., Hilton-Taylor, C., Stuart, S.N., 2009. Wildlife in a Changing World-an
Analysis of the 2008 IUCN Red List of Threatened Species. International Union
for Conservation of Nature, Gland, Switzerland.
Warkentin, I.G., Bickford, D., Sodhi, N.S., Bradshaw, C.J., 2009. Eating frogs to
extinction. Conserv. Biol. 23, 1056–1059.
Whipps, C.M., Grossel, G., Adlard, R.D., Yokoyama, H., Bryant, M.S., Munday, B.L.,
Kent, M.L., 2004. Phylogeny of the multivalvulidae (Myxozoa: Myxosporea)
based on comparative ribosomal DNA sequence analysis. J. Parasitol. 90, 618–
622.
Whipps, C.M., Kent, M.L., 2006. Phylogeography of the cosmopolitan marine
parasite Kudoa thyrsites (Myxozoa: Myxosporea). J. Eukaryot. Microbiol. 53,
364–373.
